Abstract: Sfermion masses and eigenstates in the supersymmetric economical 3-3-1 model are studied. By lepton number conservation, the exotic squarks and superpartners of ordinary quarks are decoupled. Due to the fact that in the 3-3-1 models, one generation of quarks behaves differently from other two, by R-parity conservation, the mass mixing matrix of the squarks in this model are smaller than that in the Minimal Supersymmetric Standard Model (MSSM). Assuming substantial mixing in pairs of highest flavours, we are able to get mass spectrum and eigenstates of all the sfermions. In the effective approximation, the slepton mass splittings in the first two generations, are consistent with those in the MSSM, namely: m 2
Introduction
The Standard Model (SM) of high energy physics provides a remarkable successful description of presently known phenomena. In spite of these successes, it fails to explain several fundamental issues like generation number puzzle, neutrino masses and oscillations, the origin of charge quantization, CP violation, etc.
One of the simplest solutions to these problems is to enhance the SM symmetry SU(3) C ⊗ SU(2) L ⊗ U(1) Y to SU(3) C ⊗ SU(3) L ⊗ U(1) X (called 3-3-1 for short) [1, 2, 3] gauge group. One of the main motivations to study this kind of models is an explanation in part of the generation number puzzle. In the 3-3-1 models, each generation is not anomaly free; and the model becomes anomaly free if one of quark families behaves differently from other two. Consequently, the number of generations is multiple of the color number. Combining with the QCD asymptotic freedom, the generation number has to be three. For the neutrino masses and oscillations, the electric charge quantization and CP violation issues in the 3-3-1 models, the interested readers can find in Refs. [4] , [5] and [6] , respectively.
In one of the 3-3-1 models, the right-handed neutrinos are in bottom of the lepton triplets [3] and three Higgs triplets are required. It is worth noting that, there are two Higgs triplets with neutral components in the top and bottom. In the earlier version, these triplets can have vacuum expectation value (VEV) either on the top or in the bottom, but not in both. Assuming that all neutral components in the triplet can have VEVs, we are able to reduce number of triplets in the model to be two [7, 8] . Such a scalar sector is minimal, therefore it has been called the economical 3-3-1 model [9] . In a series of papers, we have developed and proved that this non-supersymmetric version is consistent, realistic and very rich in physics [8, 9, 10, 11] .
In the other hands, due to the "no-go" theorem of , the internal G and external P spacetime symmetries can only be trivially unified. In addition, the mere fact that the ratio M P /M W is so huge is already a powerful clue to the character of physics beyond the SM, because of the infamous hierarchy problem. In the framework of new symmetry called a supersymmetry [13, 14] , the above mentioned problems can be solved. One of the intriguing features of supersymmetric theories is that the Higgs spectrum (unfortunately, the only part of the SM is still not discovered) is quite constrained.
It is known that the economical (non-supersymmetric) 3-3-1 model does not furnish any candidate for self-interaction dark matter [15] with the condition given by Spergel and Steinhardt [16] . With a larger content of the scalar sector, the supersymmetric version is expected to have a candidate for the self-interaction dark matter. The supersymmetric version of the 3-3-1 model with right-handed neutrinos [3] has already been constructed in Refs. [17] . An supersymmetric version of the economical 3-3-1 model has been constructed in Ref. [18] . Some interesting features such as Higgs bosons with masses equal to that of the gauge bosons -the W and the bileptons X and Y , have been pointed out in Ref. [19] .
In a supersymmetric extension of the (beyond) SM, each of the known fundamental particles must be in either a chiral or gauge supermultiplet and have a superpartner with spin differing by 1/2 unit. All of the matter fermions (the known quarks and leptons) have spin-0 partners called sfermions. Hence in supersymmetric models, besides scalar Higgs bosons, there are scalar sfermions. In Ref. [18] , the Higgs sector was a subject of our interest; in this paper, we will focus an attention to the sfermions -sleptons and squarks.
This article is organized as follows. In Sec. 2 we present a fermion and scalar content in the supersymmetric economical 3-3-1 model. The necessary parts of Lagrangian is also given. The F and D terms of scalar potential for sfermions are calculated in Sec. 3. Masses and eigenstates for sleptons and squarks are given in Sec. 4 and 5, respectively. Section 6 is devoted for the case of R-parity conservation and sfermion mass splittings. Finally, we summarize our results and make conclusions in the last section -Sec. 7.
A review of the model
In this section we first recapitulate the basic elements of the supersymmetric economical 3-3-1 model [18] . R − parity and some constraints on the couplings are also presented.
Particle content
The superfield content in this paper is defined in a standard way as follows F = ( F , F ), S = (S, S), V = (λ, V ), (2.1) where the components F , S and V stand for the fermion, scalar and vector fields while their superpartners are denoted as F , S and λ, respectively [13, 17] . The superfield content in the considering model with an anomaly-free fermionic content transforms under the 3-3-1 gauge group as
2) 6) where the values in the parentheses denote quantum numbers based on (SU(3) C , SU(3) L , U(1) X ) symmetry. ν c L = ( ν R ) c and a = 1, 2, 3 is a generation index. The primes superscript on usual quark types (u ′ with the electric charge q u ′ = 2/3 and d ′ with q d ′ = −1/3) indicate that those quarks are exotic ones.
The two superfields χ and ρ are at least introduced to span the scalar sector of the economical 3-3-1 model [9] :
To cancel the chiral anomalies of Higgsino sector, the two extra superfields χ ′ and ρ ′ must be added as follows
where the VEVs are defined by
The VEVs w and w ′ are responsible for the first step of the symmetry breaking while u, u ′ and v, v ′ are for the second one. Therefore, they have to satisfy the constraints:
14)
The vector superfields V c , V and V ′ containing the usual gauge bosons are, respectively, associated with the SU(3) C , SU(3) L and U(1) X group factors. The colour and flavour vector superfields have expansions in the Gell-Mann matrix bases T a = λ a /2 (a = 1, 2, ..., 8) as follows 15) where an overbar − indicates complex conjugation. For the vector superfield associated with U(1) X , we normalize as follows
The gluons are denoted by g a and their respective gluino partners by λ a c , with a = 1, . . . , 8. In the electroweak sector, V a and B stand for the SU(3) L and U(1) X gauge bosons with their gaugino partners λ a V and λ B , respectively. With the superfields as given, the full Lagrangian is defined by L susy + L sof t , where the first term is supersymmetric part, whereas the last term breaks explicitly the supersymmetry [18] . The interested reader can find more details on this Lagrangian in the above mentioned article. In the following, only terms relevant to our calculations are displayed.
From the supersymmetric Lagrangian [18] , we can obtain the following superpotential 17) where 18) and
The coefficients µ 0a , µ ρ and µ χ have mass dimension, while all coefficients in W 3 are dimensionless and λ ′ ab = −λ ′ ba . It is worth noting that the first term of (2.19) is the Yukawa coupling giving charged leptons mass, while the third one is responsible for neutrino mass. At the tree level, their couplings satisfy the following estimation [11, 20] : (2.20) In the SM, neutrinos are rigid massless, hence λ ′ ab has to be vanish. In other words, we can put λ ′ ab = 0 in the SM limit. From the soft supersymmetry-breaking terms [18] , the Lagangian relevant to the sfermions is obtained by 2.21) where ε ab = −ε ba . This Lagrangian is also responsible for sfermion masses.
R-parity
For the further analysis, it is convenience to introduce R-parity in the model. Following Ref. [20] , R-parity can be expressed as follows
where invariant charges L and B (for details, see Ref. [21] ) are given by
Combining (2.22) and the above tables, it is easy to conclude that the fields χ, χ ′ , ρ, ρ ′ , L, Q α , Q 3 , l, u, u ′ , d and d ′ have R-charge equal to one, while their superpartners have opposite R-charge, as in the Minimal Supersymmetric Standard Model (MSSM).
Under R-parity transformation, the Higgs and matter superfields change, respectively [20] :
Let us separate W and L SM T into the R-parity conserving (R) and violating (R /) part. 2.27) where
and
By (2.26), the R / part contains odd number of matter superfields. For the soft terms, we have also
The R / soft terms consist of odd number of supersymmetric partners -sfermions. Note that the last lines in (2.28) and (2.31) contain lepton-number violating terms (with ∆L = ±2). Hence we have (see also [11] )
Scalar potential for sfermions
The scalar potential of the model is a result of summation over F and D terms: 1) where [14] 2) and
3)
The field φ stands for all the scalars or sfermions in the model.
F-term contribution
From W 2 and W 3 we get
10)
11)
With these F -terms, besides the second order mass terms in V , we also get trilinear and quartic couplings of the sfermions. Below only the mass terms and the linear (by fields) terms are our interest.
D-term contribution
By Eq. (3.3), we separate two subgroups, namely SU (3) L and U (1) X .
The interested contribution to sfermion masses has a form (3.17) where · · · are the terms which do not contribute to sfermion masses. The factor 2 in (3.17) is the Newton's binomial coefficient. Since sfermion masses are our interest, therefore, in the second factor in (3.17) , only the diagonal T 3 , T 8 and non-diagonal T 4 satisfy this purpose. Let us calculate the second factor in (3.17) : (3.20) In (3.18) , (3.19) and (3.20) we have used [18, 19] tan
Here we have taken into account that for antitriplets, T a , a = 3, 8, 4 changes a sign.
Note that the contribution from T 4 is proportional to u -the lepton number violating parameter.
Let us consider the first factor in (3.17) . Since the singlet fields do not give contribution, hence for sleptons we have:
Analogously for squarks, the contributions from one triplet and two antitriplets are: from the first triplet (3.27) from two antitriplets:
28)
29)
Thus, the contribution from SU (3) L subgroup to slepton masses are: (3.31) and to squark masses:
First, for the Higgs part, we have
Similarly, for sleptons
For squarks in the first generation we get:
For squarks in the last two generations we get also:
The contribution from subgroup U (1) X to slepton masses is
where [22] 3.38) and to squark masses:
The total contribution is a result of summation over two above mentioned subgroup parts. In contradiction to the MSSM, the contribution from T 4 is lepton number violating (∆L = ±2). We will deal with this in next section. It is easy to realize that the D-term contributions are diagonal.
Slepton masses
Relevant mass terms for sleptons arisen from the F, D-terms and the soft terms are as follows:
Expanding the D-term contribution [in the last line of (4.1)] yields
The terms containing mixture of scalar Higgs bosons among sleptons followed from L slepton is:
Now we have to expand neutral Higgs fields around the VEVs as
where for short, the neutral scalar is expressed through the VEV and physical field (in breve) as follows Imposing R-parity conservation on (4.3) yields
µ 0a γ ab = 0. (4.8) Note that the conditions in (4.6)-(4.8) contain also the constraint equations at the tree level forν aL andν c aL . Taking into account of (4.6)-(4.8), the slepton mass Lagrangian becomes
Charged sleptons
From Eq. (4.9), the mass Lagrangian for charged sleptons is given by
For analysis below, let us denote
12)
For the sake of convenience, let us denote l c * aL ≡ l aR . Then, in the base (l aL ,l bR ) = (l 1L , l 2L ,l 3L ,l 1R ,l 2R ,l 3R ), the mass matrix is given by
To deal with this 6 × 6 matrix, following Ref. [14] , we assume that there is substantial mixing among (τ L ,τ R ) only. Hereafter, we adoptτ =l 3 ,t =ũ 3 ,b =d 3 , etc. This means that, non-vanishing matrix elements in (4.14) are B 11 , B 22 , B 33 , C 11 , C 22 , C 33 , D 33 . Diagonalizing the above matrix, we get eigenmasses and eigenstates given in Table 1 . and two others are 
15) . (4.20) With the mentioned assumption, we have For the highest sleptons -staus: 
(4.28)
Sneutrinos
Eq. (4.9) provides the following mass Lagrangian for sneutrinos: 
It is to be noticed that the last term in (4.29) is the mass-like (in the second order of fields) lepton-number violating (∆L = ±2). It is similar to the neutrino Majorona mass term; and this is a special feature of the supersymmetric version. For the sake of convenience, we will use the following notation
30)
31)
In the base (ν aL ,ν bR ) = (ν 1L ,ν 2L ,ν 3L ,ν 1R ,ν 2R ,ν 3R ), the mass matrix is given by
Eigenstates and eigenmasses in this case are completely analogous to the charged sleptons with replacements: B 33 ⇒ A 33 , C 33 ⇒ G 33 and D 33 ⇒ E 33 . As before, ignoring mixing among sneutrinos of two first generations, we get eigenmasses and eigenstates given in Table 2 . and two other sneutrinos are 
34)
with respective masses With the mentioned assumption, we have 
with 
Squark masses
Due to the fact that the exotic quarks in the model under consideration have electric charges equal to that of the ordinary ones, squark mass mixing matrices are expected to be larger than 6 × 6.
Squark mass Lagrangian
As before, the D-term contribution is diagonal, and let us denote it by D Q :
Relevant mass terms for squarks arisen from the F, D -terms and the soft terms are given by
Looking at (5.2) we see that there is mixing among ordinary squarks with exotic squarks (with primes) and this produces 8 × 8 matrix for up-squarks and 10 × 10 matrix for downsquaks. Noting that exotic squarks carry lepton number ±2, we conclude that coefficients of the mixture among ordinary and exotic squarks are very small. In the following, we will neglect such mixing.
The lepton number conservation limit
Remind that, in the SM, neutrinos are massless and lepton number is conserved. Let us consider the SM limit. The lepton-number conservation conditions imposed to (5.2) are the following:
With imposition lepton-number conservation, the difficulties of large squark mixing, will be very much eased. Let us denote
13)
14) 16 )
17) 19 ) 20 ) (5.22 )
Then the mass Lagrangian (5.2) can be rewritten in the form
From (5.24) we see that all the exotic squarks are decoupled of ordinary squarks. The reason of this is that in the 3-3-1 models, the exotic quarks carry also lepton number, while the ordinary ones do not, so their superpartners have the same property. Looking at (5.24), we conclude that theũ ′c L andũ ′ L gain masses respectively,
For the ordinary up-squarks, theũ 1L does not mix and gains mass:
The remaining up-squarks are all mixing and in the base (ũ * 2L ,ũ * 3L ,ũ c 1L ,ũ c 2L ,ũ c 3L ), the mass matrix is given by
For superpartners of the down-quarks (q = − 1 3 ), we have:
For the ordinary down-squark,in the base
( 5.29) As in the MSSM, the ordinary down-squarks mix by 6 × 6 matrix. It is to be noted that the decoupling ofũ 1L is a result of the condition for minimum of Higgs potential: u ′ /u = w ′ /w and the absence of Q 1L in two last terms of Eq. (2.19) .
In general, we cannot deal with 5×5 and 6×6 matrices. Following Refs [14] and [23] , we expect theq L −q R mixing to be small, with possible exception of the third-generation, where mixing can be enhanced by factors of m t and m b . Keeping in mind this assumption, from Eq. (5.27) to Eq. (5.29), we conclude that, all non-vanishing matrix elements are: B 22 , B 33 and K 33 With the help of the above assumption, diagonalization of the mass mixing matrices is quite easy. Our results are as follows:
For up-squarks:
The eigenmasses and eigenstates are given in Table 3 . and two others are 
For down-squarks:
Eigenstates and masses are presented in Table 4 .
and four others ared
with respective masses (5.43) with respective masses
where
(5.47)
To outline mass spectrum, let us assume
Squarks mass spectrum is shown in figure 1 , where mass scales between generations are not taken into account. Figure 1 : A schematic sample mass spectrum for squarks in which mass scales between generations are not taken into account.
We summarize this section by notice that the huge squark mixing matrices (8 × 8 and 10 × 10) were significally reduced by the lepton number conservation. The situation will be much better by R-parity imposition.
R-parity and sfermion mass splitting
Consequence of R-parity is that all coefficients in W R / and L R / SM T vanish.
Slepton mass splitting
R-parity conservation and the constraint (2.20) give
Then vanishing of nondiagonal elements in lepton mixing matrices leads to:
Consequence of (6.2) is that at least, one of the coefficients γ ab vanishes. Let us consider two special cases:
From Eq. (6.4) to Eq. (6.11), the mass splittings for the sleptons are governed by sum-rules
Remind that, in the effective approximation, we have [18, 19] : w ≃ w ′ , u ≃ u ′ . Thus, noting that our notation tan γ is cot β in MSSM as in Ref. [14] , Eq. (6.20) coincides with the MSSM result [14] . In this approximation, there is degeneration amongν 1(2)L andν 1(2)R . As in the MSSM, cos 2γ > 0 in the allowed range tan γ < 1, we get then
, l = e, µ. Assuming further cos 2β > 0, we obtain: m 2
To outline slepton mass spectrum, we assume the following relationship:
With the above assumption, the slepton mass spectrum is shown in figure 2 . Since, no convincing evidence for production of superpartners has been found, our figure has only illustrative meaning. Figure 2 : A schematic sample mass spectrum for sleptons, in which mass scales between generations are not taken into account and l = e, µ.
2. γ c1 = 0
Squark mass mixing matrices
Imposition of R − parity yields (6.38) Looking at (5.4)-(5.5) we have (6.39) So that the mass matrix of down-squarks is significally reduced. With the help of (6.39) It is interesting to note that our highest mass mixing matrices are smaller than that in the MSSM (6 × 6 matrices). Let us consider the squark mass splitting. Looking at Eqs.(5.14)-(5.19) yields the mass splitting of squarks in the first generation:
To conclude this work, we note again that due to the minimal content of the scalar sector, in the supersymmetric economical 3-3-1 model, Higgs sector is quite constrained and the significant number of free parameters is reduced. Its supersymmetric extension has the same feature and deserves further studies. 
αL + H.c.) + · · ·.
